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INTRODUCTION 

The bimolecular t r a n s f e r  o f  hydrogen atom from an organic r a d i c a l  t o  an 
o l e f i n  o r  aromatic system, known as the rad i ca l  hydrogen t rans fe r  (RHT) 
react ion,  has been proposed as an important pathway f o r  hydrogen t rans fe r  i n  
l i q u i d  phase py ro l ys i s  react ions anf-3, an important pathway f o r  se lec t i ve  
bond cleavage i n  coal l i que fac t i on .  

repyr ted by Metzger,* fo l lowed almost simultaneously by a study o f  B i l lmers  e t  
a l .  I n  Metzger's work, the rad i ca l  add i t i on  o f  cyclohexane t o  
dimethylfumarate and methyl cinnamate a t  250 t o  400 "C was examined: 

Experimental ob e rva t i on  o f  the RHT reac t i on  was apparently f i r s t  

R ~ - C H = C H - R ~  t C - C ~ H ~ ~  - - - - >  R~-cH,cH(c,H,,)R~ t R ' C H ( C ~ H ~ ~ ) C H ~ R ~  

1 2 3 4 

t Cyclohexene t R1-CH2CH2-R2 (1) 
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( a )  R1 = R2 = COOCH3 (b) R1 = Ph, R2 = COOCH3 

The reaction, which e x h i b i t s  a chain l eng th  o f  100, i s  i n i t i a t e d  by hydrogen 
t rans fe r  from cyclohexane t o  1. Reversible add i t i on  o f  cyclohexyl r a d i c a l  t o  
1 followed by abs t rac t i on  from 2 leads t o  3 and 4. The formation o f  reduced 
product 6 i s  suggested t o  occur v i a  the RHT reac t i on  o f  cyclohexyl r a d i c a l  
w i t h  1: 

C - C , H ~ ~ ( . )  t 1 - - - - >  5 t R'-cH,cH(.)-R~ (2) 
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(a) Operated f o r  the U. S. Department o f  Energy by B a t t e l l e  Memorial 
I n s t i t u t e .  
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Chain propagation occurs by reac t i on  o f  7 w i t h  cyclohexane t o  produce the RHT 
product, 6: 

7 t c - C ~ H ~ Z  - - - - >  6 t C-C6H11(*) ( 3 )  

Chain propagation a l so  occurs by abs t rac t i on  o f  hydrogen atom from cyclohexane 
by the adducts o f  cyclohexyl rad i ca l  t o  1. An a l te rna te  mechanism f o r  
formation o f  6, t h e  sc i ss ion  o f  hydrogen atom from cyclohexyl r a d i c a l  and 
add i t i on  o f  the H atom t o  1, leading t o  6, was r u l e d  out, based on the  
observed f i r s t  o rde r  dependence on 1 f o r  t he  formation o f  6. 
hydrogen (H2), which would have revealed the  production o f  He, was no t  
analyzed i n  the reac t i on  mixture.  From the chain l eng th  o f  the react ion,  the 
y i e l d  o f  6 produced i n  the i n i t i a t i o n  step was suggested t o  be i n s i g n i f i c a n t .  

Metzger's r e s u l t s 6  are indeed su rp r i s ing ,  s ince they imply a very low 
b a r r i e r  f o r  the RHT react ion.  
cy l o  exyl r a d i c a l  i s  given by k = 5 x 10 exp(-36000/RT), o r  k = 1.2 x 10' 
N-'s-' a t  400 'C. For RHT t rans fe r  o f  hydrogen t o  the o l e f i g ,  to'occur 10 
times f a s t e r  than @-sc i ss ion  o f  f ree  hydrogen a t  t he  5 x 10- M concentrat ions 
o f  1 employed, an RHT b a r r i e r  o f  on l y  9.7 kcal/mole would be required. 
RHT t o  occur 100 t imes f a s t e r  than f r e e  hydrogen atom production requ i res  an 
RHT b a r r i e r  f on1 6 6 kcal/mole. This assumes a t y p i c a l  b imolecular  A-  
f a c t o r  o f  1 8 . 5  M-Ys-1 f o r  RHT. 

9,lO-dihydroanthracene (ANHZ) t o  2-ethylanthracene (EAN) t o  form 9,lO- 
dihydro-2-ethylanthracene (EAHZ) and anthracene (AN). The k i n e t i c  order  o f  
t h e  non-chain r e a c t i o n  and the  observed Arrhenius dependence were consis tent  
w i t h  a mechanism invo lv ing  rate-determin ing reverse rad i ca l  d i sp ropor t i ona t ion  
(RRD) (eq. 4). Other key steps inc lude production o f  EANH(.) by RHT, eq 5, 
and formation o f  t he  product EANH2 i s  by d ispropor t ionat ion (eq. 8) o r  
abs t rac t i on  (eq. 9). 

Unfortunately, 

The r a t e  of lg-scission o f  hydrogen from 

For 

The study o f  B i l lmers  e t  a1.,7 examined the t r a n s f e r  o f  hydrogen from 

ANHZ t EAN ;I:;> ANH(.) t EANH(.) ( 4 )  

ANH(.) + EAN - - - - >  AN t EANH(*) (5) 

ANH(.) + EANH(.) - - - - >  AN t EANHZ (6) 

2 ANH(*) - - - - >  ANHZ t AN (7) 

2 EANH(*) - - - - >  EAN t EANH2 (8) 

EANH(.) + ANHZ - - - ->  EANHZ t ANH(.) (9) 

B i l lmers e t  a1.' found t h a t  the r a t e  o f  formation o f  EANH2 was decreased by 
increas ing the r a t i o  ANIANH2 a t  f i x e d  concentrat ions o f  ANHZ and EAN i n  the 
i n i t i a l  reac t i on  mixture. This  i s  presumed t o  be due t o  the reverse o f  eq. 5. 
From an analys is  o f  the reduc t i on  o f  the r a t e  o f  prodyct ion o f  EANH2 w i t h  
increas ing AN/ANH2, k - 5  was estimated t o  be 120 N- s- a t  350°C, o r  E-5  = 18.3 
kcal/mole. 
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In a relatgd study of hydrogen transfer between 9,10-dihydrophenanthrene 
and anthracene, 
rate constant k = 7.5 x 10 !f s- at 350 "C, corresponding to E = 13.3 
kcal/mole. 
the barrier was lowered fully as much as the enthalpy change for the reaction 
compared to the thermoneutral transfer between anthracenes, -5 kcal/mole. 
This corresponds to an Evans-Polanyi factor of ca. 1 for the reaction, whereas 
hydrogen atom metathesis reactions usually exhibit Evans-Polanyi factors of 
0.5 or less.  
to be equally well represented by a 3-step sequence of addition of 
hydrophenanthrenyl radical to anthracene, intramolecular hydrogen atom 
transfer, and radical scission to give phenanthrene and 9-hydroanthracenyl 
radical, without postulating the unconventional RHT reaction. 

(2-phenylethy1)cyclohexadienyl radical, 8, (eq. 10). Intramolecular hydrogen 
shift from the cyclohexadienyl ring to the j&$~ position of the phenyl ring, 
followed by @-scission would have given benzene and ethylbenzene as products. 

computer godelinp of the observed kinetics led to an "RHT" 

If correct, this is a surprisingly low activation babier, since 

The authors point out that the reaction kinetics are suggested 

In recent work,' we examined the intramolecular RHT reaction of the 2- 

8 

Competing with this reaction is 8-scission to give benzyl radical and 
isotoluene, or hydrogen loss to give bibenzyl. 
235 'C for this near-thermoneutral reaction. The ratio of H- loss (or the 
isoenergetic p-scission) to RHT, determined by product detection limits, "88 
grfat r than 1OO:l. The predicted A-factor for intramolecular RHJ, A1=-10 * *  
H' s-', and the predicted rate constant for H atom loss,  7.7 x 10 H- s , 
results in a minimum barrier for the intramolecular RHT reaction of 23 
kcal/mole for the slightly endergonic hydrogen transfer (AH" = 0.5 kcal/mole). 
In research currently under way, we are preparing exothermic analogues of 
intramolecular RHT to attempt to 'unambiguously observe, in a stereochemically 
restricted system, a "true" RHT reaction with no possibility of free H atom 
involvement. 

transfer in the RHT reaction between aromatic systems o f  ca. 18 kcal/mole. 
None of the studies of RHT or equivalent mechanisms have attempted to directly 
observe H , and direct determination of Arrhenius parameters and a detailed 
examinatign of the pathway of the hydrogen transfer process remains to be 
carried out. 

carried out a semiempirical molecular orbital study of bimolecular and 
intramolecular RHT reactions for a variety of aromatic systems. 
examined in detail the energetics of hydrogen transfer between ethyl radical 

No detectable RHT occurred at 

In summary, studies to date suggest a barrier for thermoneutral hydrogen 

To better understand the structural and energetic aspects of RHT, we have 

We also 

523 



and ethylene v i a  RHT, an addition/metathesis/scission .pathway, and a hyb r id  
"concerted" pathway. 

RESULTS AN0 DISCUSSION 

AM1/RHFIO t r a n s i t i o n  s tates were located f o r  hydrogen t rans fe r  react ions 
from the  cyclohexadienyl rad i ca l  t o  benzene, the iDso p o s i t i o n  o f  toluene, the 
1 -pos i t i on  o f  naphthalene, and the 9 -pos i t i on  o f  anthracene. I n  addi t ion,  RHT 
t r a n s i t i o n  s ta tes  were located f o r  thermoneutral hydrogen t rans fe r  between 
naphthalenes (1 -pos i t i ons )  and anthracenes (9-pos i t ions) ,  Snd the 
thermoneutral RHT reac t i on  between e thy l  rad i ca l  and ethylene was examined. 
I n  each case, t h e  hydrogen i s  caused t o  migrate t o  the o l e f i n i c  o r  aromatic 
carbon. 

between p a i r s  o f  benzene, naphthalene, and anthracene r i ngs .  AM1 ca l cu la t i ons  
of ten r e s u l t  i n  b a r r i e r s  tha t  are higher than experimental values f o r  
react ions i nvo l v ing  s t re tched bonds i n  open-shell  systems. 
abst ract ion b a r r i e r s  predic ted by AM1 are o f ten  i n  good agreement w i t h  
experimental values. 
f o r  the symmetric hydrogen abst ract ion reac t i on  from cyclohexadiene by the  
cyclohexadienyl rad i ca l ,  i n  good agreement w i t h  thermoneutral abs t rac t i on  
react ions o f  a l k y l  r a d i c a l s  from alkanes, whicPl i n  the absence o f  s t e r i c  
e f fects ,  e x h i b i t  b a r r i e r s  o f  ca. 14 kcal/mole. 
f i n d  t h a t  the nominal ly  s i m i l a r  RHT react ions gave subs tan t i a l l y  higher 
ba r r i e rs .  Table I 1  presents r e s u l t s  f o r  t ransfer  o f  hydrogen from 
cyclohexadienyl t o  aromatic systems. For  purposes o f  comparison, Table I 1 1  
gives ca lcu lated and experimental values o f  C-H bond d i ssoc ia t i on  energies and 
a c t i v a t i o n  b a r r i e r s  f o r  hydrogen loss from hydroaryl and e thy l  rad i ca l s .  
Although a t o t a l l y  s a t i s f a c t o r y  c a l i b r a t i o n  o f  t he  AM1 method f o r  t he  present 
category o f  react ions i s  not  possible, t h e  overestimations o f  C-H bond 
d i ssoc ia t i on  energies f o r  hydroaryl r a d i c a l s  suggest t h a t  the ca lcu lated 
AMl/RHF RHT b a r r i e r s  are 25 t o  50% higher  than t h e  actual values. 
Table I V ,  b a r r i e r s  f o r  in t ramolecular  RHT react ions are presented f o r  2, 3 ,  
and 4-carbon ,bridging 1 inkages. 

Although t h e  AM1 method has obvious l i m i t a t i o n s ,  some i n t e r e s t i n g  
observations are poss ib le :  (1) RHT b a r r i e r s  f o r  thermoneutral hydrogen 
t rans fe r  react ions are predic ted t o  be c lose ly  spaced, w i t h  a s l i g h t  increase 
i n  b a r r i e r  going from benzene t o  anthracene. Thus, the hydroaryl r a d i c a l s  
t h a t  have the s t rongest  C-H bonds correspond t o  the aromatic systems best able 
t o  s t a b i l i z e  the  l i b e r a t e d  hydrogen atoms. ( 2 )  The predic ted b a r r i e r s  drop 
dramat ica l ly  as the  hydrogen t r a n s f e r  react ions become more exothermic, such 
tha t  t he  b a r r i e r  f o r  t r a n s f e r  between cyclohexadienyl and anthracene i s  low 
enough f o r  the reac t i on  t o  be observable a t  moderate (< ca. 250°C) 
temperatures. The dramatic drop i s  reminiscent o f  the drop i n  b a r r i e r  f o r  
hydrophenanthrenyl H t r a n s f e r  t o  anthracene vs. thermoneutral t r a n s f e r  
between anthracenes.' (3 )  I n  every case, the a c t i v a t i o n  b a r r i e r  f o r  RHT i s  
below t h a t  of f r e e  hydrogen atom production. 
w i t h  2-, 3- and 4-carbon bridges between the two benzenoid aromatic systems 
resu l t s  i n  c l o s e l y  spaced ac t i va t i on  ba r r i e rs ,  h igher  by 2 t o  4 kcal/mole than 
thermoneutral in termolecular  RHT react ions.  

Table I 1 i s t s  a c t i v a t i o n  b a r r i e r s  f o r  thermoneutral t rans fe r  o f  hydrogen 

However, hydrogen 

For  example, AMl/RHF p red ic t s  a b a r r i e r  o f  18 kcal/mole 

Thus, i t  was su rp r i s ing  t o  

F i n a l l y ,  i n  

F i n a l l y ,  (4) in t ramolecular  RHT 

The question becomes whether RHT 
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w i l l  compete w i t h  f r e e  H. r eac t i on  o r  w i t h  the more conventional addi t ion/  
t ransfer /sc iss ion pathway f o r  hydrogen t rans fe r .  

The A d d i t i o n / T r a n s f e r / k i  ss ion Pathway 

ethylene, 40.0 kcal/mole, i s  found t o  be l ess  than the  b a r r i e r  f o r  hydrogen 
scission, 52 kcal/mole, but  remains a high energy pathway. 
a l t e r n a t i v e  pathway t o  RHT, t h a t  o f  addit ion, metathesis, and sc iss ion,  we 
examined the  reac t i on  o f  e thy l  t ethylene. The r e s u l t s  o f  a map o f  several 
poss ib le  surfaces i s  depicted i n  Figure 1. Throughout the ca l cu la t i on ,  t he  
C443 and C1-C2 bonds were constrained t o  be planar. 
energy p r o f i l e  f o r  add i t i on  o f  e thy l  t o  ethylene t o  y i e l d  an ec l ipsed bu ty l  
rad i ca l  ( the trans conformer i s  ca lcu lated t o  be 5 kcal/mole more s tab le) .  
The upper surface i n  Figure 1 shows the energy as a func t i on  o f  the C2-C3 
distance, w i t h  equal Cl-H-C4 distances a t  the p o s i t i o n  o f  maximum energy, 
corresponding t o  the  energy b a r r i e r  f o r  hydrogen migrat ion from C 1  t o  C4. 
energy gap labeled A shows the b a r r i e r  f o r  1,4-hydrogen t rans fe r ,  which i s  
l ess  than t h a t  o f  8-sc iss ion.  The energy gap 6 corresponds t o  RHT v i a  a 
c y c l i c  t r a n s i t i o n  s ta te  s t ructure.  
than the a c y c l i c  t r a n s i t i o n  s ta te  s t ruc tu re  i n  which C2 and C3 do no t  
i n t e r a c t .  I t  i s  
ene rge t i ca l l y  the l e a s t  favored react ion path. 
conventional addi t ion/  t ransfer /sc iss ion pathways may be favored by enthalpy 
over the d i r e c t  RHT path, and tha t  the RHT b a r r i e r  i s  reduced (6  i n  Figure 1) 
by the i n t e r a c t i o n  o f  the two p i  systems. Also, the p o s i t i o n  o f  the upper 
curve between 1.5 t o  1.8 A below the @-sc iss ion t r a n s i t i o n  s t a t e  energy ra i ses  
the p o s s i b i l i t y  t h a t  the addition/transfer/scission pathway might become 
concerted a t  su i tab l y  high temperatures. 
e f f e c t s  w i t h  RHT between aromatic systems i s  underway. 

F i n a l l y ,  the lower predic ted ba r r i e rs  f o r  addition/metathesis/scission i n  
t h i s  system may mean t h a t  in t ramolecular  RHT react ions t h a t  are 
:tereochemically precluded from the addit ion/metathesis pathways (and are t r u e  
RHT" react ions)  may a c t u a l l y  be s i g n i f i c a n t l y  h igher  energy pathways. We are 

cu r ren t l y  synthes iz ing model in t ramolecular  RHT systems t o  observe exothermic 
RHT react ions t o  attempt t o  unambiguously observe and character ize RHT 
react ions.  
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Figure 1. 
AMI/RHF. A: Barrier for 1,4-hydrogen atom shift from eclipsed butyl radical 
(--butyl radical conformation is 5 kcal/mole lower i n  energy). 
Barrier for radical hydrogen transfer (RHT). 
structure with non-interacting termini is calculated to be 1 kcal/mole higher 
in energy. C: Barrier for H. atom elimination-addition reaction. 

Reaction paths for ethyl radical t ethylene calculated with 

B: 
The 2-shaped or alicyclic TS 
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Table 11. AMl/RHF Bar r i e rs  f o r  Hydrogen Transfer From Cyclohexadienyl Radical 
t o  Aromatic Rings 

React i on  A;lf,-ic;ijmolea A H ~  ,kcal/moleb 

Cyclohexadienyl t Toluene (m pos i t i on )  36.4 0.4 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  - - - - - - - - - - -_ - - - - - - -_______ . 
- - - - - - - - - - _ - _ _ - _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - - ~ - - - - - ~ - - - - - ~ - - - - - - - ~ - ~ ~ - ~ ~ ~ ~ ~ - ~ -  

Cyclohexadienyl t Benzene 32.7 0.0 
Cyclohexadienyl t Naphthalene 25.6 -1.5 
Cyclohexadienyl t Anthracene 16.4 -18.8 

~AMIIRHF c a l c u l a t i o n  
Experimental heat o f  reac t i on  f o r  the hydrogen atom t r a n s f e r  reac t i on  

Table 111. 

Reaction adl-k;al/molea A H ~ ,  kcal/mol eb 

expt ca l c  expt c a l c  

Cyclohexadienyl - - - >  benzene t H 28.7 44 25.7 34.8 
1-Hydronaphthyl - - - >  naphthalene t H 37 _ _  35 39.9 
9-Hydroanthracenyl 45 58 43 50.3 

Ethyl - - - >  Ethylene t H 38 52 35.6 49.4 

Hydrogen Atom Sciss ion from Hydroaryl and E thy l  Radicals 
- - - - -______-____________________________--  _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _  
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

- - - >  Anthracene t H 

~AMIIRHF c a l c u l a t i o n  
Experimental heat o f  reac t i on  f o r  the hydrogen atom t r a n s f e r  reac t i on  

Table I V .  AMl/RHF Bar r i e rs  f o r  In t ramolecular  RHT Reactionsa 

Ground State Radical AH+, kcal/mole 

2 -  ( 2 - ~ h e ? y l  b u t y l  ) cyc l  ohexadienyl 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
2- (2-phenylethyl ) cyc l  ohexadi enyl , 8 38.2 
2- (2-phenyl propyl ) cyc l  ohexadienyl 40.8 

39.4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
aThe hydrogen i s  t rans fe r red  t o  the joso p o s i t i o n  o f  t he  appended r i n g .  
e.g., eq. 10 

See, 
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